ABSTRACT Based on a homology model of the Kv1.3 potassium channel, the recognitions of the six scorpion toxins, viz. agitoxin2, charybdotoxin, kaliotoxin, margatoxin, noxiustoxin, and Pandinus toxin, to the human Kv1.3 potassium channel have been investigated by using an approach of the Brownian dynamics (BD) simulation integrating molecular dynamics (MD) simulation. Reasonable three-dimensional structures of the toxin-channel complexes have been obtained employing BD simulations and triplet contact analyses. All of the available structures of the six scorpion toxins in the Research Collaboratory for Structural Bioinformatics Protein Data Bank determined by NMR were considered during the simulation, which indicated that the conformations of the toxin significantly affect both the molecular recognition and binding energy between the two proteins. BD simulations predicted that all the six scorpion toxins in this study use their b-sheets to bind to the extracellular entryway of the Kv1.3 channel, which is in line with the primary clues from the electrostatic interaction calculations and mutagenesis results. Additionally, the electrostatic interaction energies between the toxins and Kv1.3 channel correlate well with the binding affinities (ÿlogK d s), R 2 ¼ 0.603, suggesting that the electrostatic interaction is a dominant component for toxin-channel binding specificity. Most importantly, recognition residues and interaction contacts for the binding were identified. Lys-27 or Lys-28, residues Arg-24 or Arg-25 in the separate six toxins, and residues Tyr-400, Asp-402, His-404, Asp-386, and Gly-380 in each subunit of the Kv1.3 potassium channel, are the key residues for the toxin-channel recognitions. This is in agreement with the mutation results. MD simulations lasting 5 ns for the individual proteins and the toxin-channel complexes in a solvated lipid bilayer environment confirmed that the toxins are flexible and the channel is not flexible in the binding. The consistency between the results of the simulations and the experimental data indicated that our three-dimensional models of the toxin-channel complex are reasonable and can be used as a guide for future biological studies, such as the rational design of the blocking agents of the Kv1.3 channel and mutagenesis in both toxins and the Kv1.3 channel. Moreover, the simulation result demonstrates that the electrostatic interaction energies combined with the distribution frequencies from BD simulations might be used as criteria in ranking the binding configuration of a scorpion toxin to the Kv1.3 channel.
INTRODUCTION
Potassium channels are a ubiquitous family of membrane proteins that play critical roles in a wide variety of physiological processes, such as the regulation of muscle contraction, cell proliferation, insulin secretion, neuronal excitability (Wrisch and Grissmer, 2000; Cahalan et al., 2001; Kaczorowski and Garcia, 1999; Terlau and Stühmer, 1998) . Increasing efforts are devoted to the structural and functional characterization of K 1 channels. The best characterized K 1 channels are derived from homologs of the Drosophila K 1 channel genes including Shaker, Shab, Shaw, and Shal, which exist in mammalian tissues and were assigned as Kv1, Kv2, Kv3, and Kv4, respectively (Wrisch and Grissmer, 2000; Biggin et al., 2000; Lu et al., 2001; Zhou et al., 2001b) . Each type of Kv channels may be divided into different subtypes (Wrisch and Grissmer, 2000) . For the Kv1 channels, the voltage-gated potassium channel, Kv1.3, plays an important role in T-cell physiology because of its involvement in the regulation of membrane potential of cells, thereby influencing T-cell activation in vitro DeCoursey et al., 1984; Gulbis et al., 2000; Lewis and Cahalan, 1988) . Immunosuppressants are used in the prevention of graft rejection following organ transplants, and in the management of autoimmune diseases. Clinically useful immunosuppressants might be developed by selectively targeting lymphocyte potassium channels (Beeton et al., 2001; Chandy et al., 2001; Wickenden, 2002) . Immunosuppression via highly selective blockade of the T-cell potassium channels is attractive due to the functionally restricted tissue distribution of Kv1.3, its important role in T-cell activation, and the availability of specific and potent inhibitors of the channel. Accordingly, human Kv1.3 has been suggested to be an excellent target for modulating immune system functions by specific and potent blockers in the therapeutic management of stroke, epilepsy, and cardiac arrhythmias DeCoursey et al., 1984; Freudenthaler et al., 2002; Lewis and Cahalan, 1988) . Therefore, it is of significance to study the action of drugs or other ligands (e.g., toxins) to these Kv1 channels.
Scorpion venoms are a rich source of ion channel modulators. The scorpion toxins have been useful molecules in probing the potassium channel structures and functions (Aiyar et al., 1996; Doyle et al., 1998; MacKinnon et al., 1988; Mourre et al., 1999; Peter et al., 2001 ; Thompson and Begenisich, 2000) . To date, a variety of experimental strategies have defined functional domains within the Kv1 channels, and some thermodynamic mutant cycle analyses have been used to identify the specific residues in the S5-S6 linker region, which is a part of the scorpion-toxin receptor site. The homotetrameric arrangement of voltage-gated potassium channels was first revealed by the blocking analyses of charybdotoxin (ChTX, from Leiurus quinquestriatus) to wild-type and mutant channels (MacKinnon, 1991) . Many potent polypeptide inhibitors of the lymphocyte potassium channels have been discovered in scorpion venom (Alessandri-Haber et al., 1999; Blanc et al., 1998; GarciaCalvo et al., 1993; Gilquin et al., 2002; Goldstein et al., 1994) . ChTX was the first polypeptide shown to block all Kv channels, inhibiting Kv1.3 with nanomolar affinity. Other scorpion toxins include noxiustoxin, kaliotoxin, margatoxin, agitoxin-2,hongotoxin, HsTx1, maurotoxin, and Pandinus toxins 1-3 (Pi1, Pi2, and Pi3) (Bontems et al., 1992; Fernandez et al., 1994; Garcia-Calvo et al., 1993; Goldstein et al., 1994; Krezel et al., 1995) . In general, channel inhibitors can be pore blockers or gating modifiers (Goldstein et al., 1994; Harvey et al., 1995; Miller, 1995) . Pore blockers bind to the channel in 1:1 stoichiometry and plug the pore of the channel impeding the flow of the ionic current. These toxins are small proteins that block the passage of K 1 ions by binding at the pore entryway on the extracellular side of the channel, thereby inhibiting the ion flux. The interactions of toxins with potassium channels are among the strongest and most specific known in protein-protein complexes (MacKinnon et al., 1988) .
However, many questions are still unresolved because of experimental difficulties and the lack of significant theoretical guidance. All drugs marketed that act on ion channels were discovered empirically rather than by molecular insight, and most of them have shown serious problems of safety and efficacy (Goldstein and Colatsky, 1996; Kaczorowski and Garcia, 1999) . Therefore, computational simulation at the molecular level is a powerful tool in understanding electrophysiological experiments performed on wild-type and mutant channels. Our interest in the blockage mechanism of Kv1 channels stems from our efforts to design new ion channel blockers, with the eventual aim to develop new drugs for the treatment of diseases affecting both electrically excitable and nonexcitable tissues Shen et al., 2003) . However, no experimental data for the structure of scorpion toxins-Kv1.3 channel complexes have been reported.
In this study, a robust approach, integrating homology modeling, Brownian dynamics (BD), and long-time molecular dynamics (MD) simulations, has been employed for studying the association of scorpion toxins to the Kv1.3 channel. First, we constructed the three-dimensional (3D) structure model for the Kv1.3 potassium channel via homology modeling, taking the x-ray crystal structure of the KcsA potassium channel as a template. Then the docking feature of BD simulations (Cui et al., 2001 Fu et al., 2002; Northrup et al., 1999) and the structural refinement functionality of molecular mechanics were employed to localize the regions of binding, to identify the residues involved in complex formation, and to estimate the binding strength of the Kv1.3 channel with six scorpion toxins, viz. agitoxin2 from Leiurus quinquestriatus hebraeus (AgTX2), charybdotoxin from Leiurus quinquestriatus hebraeus (ChTX), kaliotoxin from Androctonus mauretanicus (KTX), margatoxin from Centruroides margaritatus (MgTX), noxiustoxin from Centruroides noxius (NTX), and Pandinus toxin 2 from Pandinus imperator (Pi2). Longtime MD simulations take the advantage of iteratively tracking the trajectory of conformational change, and therefore may capture the flexibilities of toxins and Kv1.3 channel during binding. So after the docked channel-toxin complexes were obtained, long-time MD simulations were carried out for the complexes embedded in the solvated palmitoyloleoylphosphatidylcholine (POPC) lipid bilayer.
SIMULATION MODELS AND METHODS

Models
The atomic coordinates of the six scorpion toxins, AgTX2 (Krezel et al., 1995) , ChTX (Bontems et al., 1992) , KTX (Fernandez et al., 1994) , MgTX (Johnson et al., 1994) , NTX (Dauplais et al., 1995) , and Pi2 (Tenenholz et al., 1997) , were obtained from the Brookhaven Protein Data Bank (PDB); their PDB entries are 1AGT, 1KTX, 1SXM, 1MTX, 2CRD, and 2PTA, respectively. The scorpion toxins have been previously divided into four subfamilies (Miller, 1995) . Three of these subfamilies, including MgTX, NTX, and Pi2 toxins, possess the same Lys-27-Tyr-36 diad as in ChTX. Toxins forming the fourth subfamily, including KTX and AgTX2, have a threonine at position 36, and these two toxins uniquely possess a phenylalanine at position 24 or 25, located on the outer face of the b-sheet.
For the K 1 channels, only the crystal structures of KcsA channel from Streptomyces lividans (PDB entry 1BL8) (Doyle et al., 1998; Zhou et al., 2001a) and the MthK channel from Methanobacterium thermoautotrophicum (PDB entry 1LNQ) (Jiang et al., 2002a,b) are available. Since currently the crystal structure of the human potassium channel Kv1.3 has not been determined, the three-dimensional model of the Kv1.3 channel was obtained by using the homology modeling based on the KcsA crystal structure. The eukaryotic structure of the voltage-dependent potassium channels shares a remarkable structure conservation of the channel pore with the prokaryotic potassium channel KcsA (Aiyar et al., 1996; Doyle et al., 1998; Biggin et al., 2000; Wrisch and Grissmer, 2000) . Although the subunits of potassium channel KcsA contain only two transmembrane segments rather than the six transmembrane segments of the voltage-gated potassium channel, the amino acid sequences of these two proteins are very similar, especially their sequences in the pore region and extracellular entryway. Therefore, the x-ray structure of the KcsA channel was used as a template for constructing a 3D structural model of the Kv1.3.
Residues Arg-27, Ile-60, Arg-64, Glu-71, and Arg-117, missing from the current KcsA x-ray crystal structure, were added with the Biopolymer module encoded in Sybyl Release 6.8 (Tripos, St. Louis, MO). The 3D structural model of Kv1.3 channel was generated employing the Homology module of Insight II (Molecular Simulation, San Diego, CA) based on the corrected KcsA structure. The sequence alignment of KcsA (1BL8) with the Kv1.3 channel generated by CLUSTAL W (1.81) (Thompson et al., 1994) shows that the sequence identity between the two channels is 30.93%, and the similarity is 62. 89% Fig. 1 ). The modeled side chains of the Kv1.3 channel were subjected to energy refinement using the adopted-basis Newton Raphson algorithm and the CHARMm22 force field as implemented in the Quanta program (Quanta Release 98, Molecular Simulations, San Diego, CA) to relieve possible steric clashes and overlaps. During the structure refinement the gradient tolerance was achieved to 0.05 kcal/ (mol Å ), and a distance-dependent dielectric constant of 4 was used to simulate the effect of solvent.
A model of POPC lipid bilayer was downloaded from http://moose. bio.ucalgary.ca/ (Tieleman et al., 1999 ). An equilibrated (by 1-ns NPT MD simulation) POPC lipid bilayer comprised of 128 lipid molecules was used as the starting point, with which a lipid bilayer consisting of 512 lipid molecules was constructed by extending the 128-lipid model in the xy plane two times aligned to the 6z axis. After 1 ns NPT MD simulation, the 512-lipid bilayer system was cut to an 80 3 80-nm square consisting of 251 lipid molecules, into which the Kv1.3 model was embedded.
Brownian dynamics simulations
The program package MacroDox version 3.2.2 (Northrup et al., 1999) was used to assign the titratable residues on proteins, solve the linearized Poisson-Boltzmann (PB) equation, and run the various Brownian dynamics simulations for the association between the scorpion toxins and the Kv1.3 channel. The BD algorithm for this program has been described in detail by Northrup et al. (1987 Northrup et al. ( , 1993 Northrup et al. ( , 1999 . The CHARMm22 force field (MacKerell et al., 1998; Neria et al., 1996) , which includes the charges of nonstandard residues such as pyroglutamic acid (PCA), was used to assign the charges of the Kv1.3 channel and the various scorpion toxins. The surface-accessibility-modified Tanford-Kirkwood (TK) method of Matthew (Matthew, 1985; Matthew and Gurd, 1986) produces results similar to those obtained with the Monte Carlo sampling and Hybrid Tanford/Roxby mean field methods encoded in the University of Houston Brownian Dynamics program (Davis et al., 1991; Madura et al., 1995) for the toxin-K 1 channel interactions . Moreover, the main purpose of BD simulations in this study was to find reasonable binding configurations between the scorpion toxins and the Kv1.3 channel rather than to accurately calculate the binding constants. So the TK method encoded in MacroDox version 3.2.2 was employed to determine the protonation status of each titratable residue in the two proteins during the BD simulation at pH 7.0 and ionic strength 0.1 M. The six scorpion toxins all have three disulfide bonds, so the charges of the sulfur atoms of the cysteines involved in the disulfide bonds, i.e., in MgTX and NTX, were all zeroed out during the charge assignment. Although this test charge model was not as accurate as that of the effective charge method, it has been demonstrated in our previous work that the test charge model produced reasonable results for the interaction of protein-protein binding (Cui et al., 2001 Fu et al., 2002) . Therefore, it was applied again in the present study. The TKrecommended partial charges were assigned to both the Kv1.3 channel and the scorpion toxins. The total charge is ÿ10.896 e for the Kv1.3 channel. TK calculations indicated that the total charges of the toxin varied slightly from different conformations. It can be estimated that the total charges bared by AgTX are from 5.91 to 5.99 e, by ChTX are from 5.94 to 6.02 e, by KTX are from 4.94 to. 4.99 e, by MgTX are from 5.94 to 6.03 e, by NTX are from 6.89 to 7.02 e, and by Pi2 are from 6.96 to 7.08 e. After charge assignments, the electrostatic potentials of the Kv1.3 channel and the scorpion toxins were determined by numerically solving the linearized PB equation. Taking the above assigned charges as initial values, the PB equation was solved by the Warwicker-Watson method implemented in the MacroDox program. The protein interior dielectric constant and solvent dielectric constant were 4.0 and 78.3, respectively.
The Ermak-McCammon algorithm (Ermak and McCammon, 1978 ) was used to simulate the translational Brownian motion of two interacting proteins as the displacements Dr of the relative separation vector r between the centroids of the two proteins in a time step Dt according to the relation:
where D is the translational diffusion coefficient for the relative motion and assumed to be spatially isotropic; F is the systematic interparticle force, which is computed from the electrostatic field calculated before Brownian dynamics simulations; K B T is the Boltzmann constant times absolute temperature; and S is the stochastic component of the displacement arising from collisions of proteins with solvent molecules, which is generated by taking normally distributed random numbers obeying the relationship:
A similar equation governs the independent rotational Brownian motion of each particle, in which the force is replaced by a torque and D is replaced by an isotropic rotational diffusion coefficient D ir for each particle i. Then BD simulations of various scorpion toxins binding to the Kv1.3 potassium channel were performed to identify the favorable complexes at pH 7.0 and ionic strength 0.1 M. For Brownian dynamics simulations of protein-protein interactions, the two proteins were treated as rigid bodies. The time step in the simulation was set at a default value of 10 ps. A spatial exclusion grid was consulted for every atom of the incoming molecule to avoid overlaps. The charges of the scorpion toxin were distributed onto the electrostatic potential grid of the Kv1.3 potassium channel; then the electrostatic interaction energies between the Kv1.3 potassium channel and the scorpion toxin were calculated by summing over the product of all of the above-assigned charges of the scorpion toxin and the corresponding electrostatic potential values generated by the Kv1.3 potassium channel. Trajectories were started with the scorpion toxin at a random position and orientation on the ''b-surface'' (a sphere with a radius of b; b ¼ 76 Å in this study) centered on the Kv1.3 channel at which the forces due to the Kv1.3 channel are centrosymmetric. The center of mass of the scorpion toxin and the position of the oxygen atom of a water molecule in the selection filter of the x-ray crystal structure of KcsA were chosen to monitor the association during the BD simulations. The closest approach of the mobile scorpion toxin to the fixed receptor Kv1.3 potassium channel was recorded, and the trajectory was terminated when the mobile ligand escaped the ''q-surface'' (a sphere with a radius of q; q ¼ 200 Å in this study).
All 17 NMR-determined structures of scorpion toxin AgTX2 in PDB entry 1AGT, 12 structures of ChTX in 2CRD, 11 structures of KTX in FIGURE 1 Sequence alignments of of KcsA (1BL8) channel with the Kv1.3 channel generated by CLUSTAL W (Thompson et al., 1994) . In the sequences, an asterisk indicates an identical or conserved residue, a colon indicates a conserved substitution, and a dot indicates a semiconserved substitution.
1KTX, 23 structures of MgTX in 1MTX, 39 structures of NTX in 1SXM, and 20 structures of Pi2 in 2PTA, were docked with the Kv1.3 potassium channel, respectively, typically by running 10,000 trajectories for each Brownian dynamics simulation. The statistical analyses resulted in the number of occurrences for which each toxin amino acid residue formed intermolecular contacts to the channel in the complexes. Also, the occurrence frequencies of the intermolecular contacts between the key amino acid residues of the two proteins were obtained from the BD trajectories.
Molecular dynamics simulations
To measure the flexibility of the Kv1.3 channel in the environment of membrane, 5-ns MD simulations were performed on the Kv1.3 channel and its complexes with the scorpion toxins derived from the BD simulations. For each toxin-channel complex, the encounter configuration of the two proteins with lowest electrostatic interaction energy was used as the starting structure for MD simulation. Before MD simulations, the Kv1.3 channel or Kv1.3-toxin complex was incorporated into the POPC lipid bilayer model using the approach of Faraldo-Gomez et al. (2002) . A hole was created on the POPC lipid bilayer model according to the surface shape of the Kv1.3 channel or its toxin complex, and then the Kv1.3 channel or its toxin complex was inserted into the hole. The lipid bilayer normally is oriented along the z axis, and the center of the bilayer is at the plane of z ¼ 0. Kv1.3 was oriented with the pore along the z axis and the selectivity filter located near the upper layer of the membrane. Then the superstratum and underlayer of the protein-embedded lipid bilayer were respectively solvated by the SPC (Hermans et al., 1984) water model (Fig. 2, a and b) , because the SPC model has been applied well in simulating lipid bilayer-water systems (Tieleman and Berendsen, 1998; Tieleman et al., 1999) . The systems for MD simulations contain .40,000 atoms.
Molecular dynamics simulations were carried out using GROMACS version 3.14 (http://www.gromacs.org) (Berendsen et al., 1995; Lindahl et al., 2001 ) with GROMOS-96 force field (Lindahl et al., 2001; van Gunsteren et al., 1996) . We used NPT conditions (i.e., constant number of particles, pressure, and temperature) in the simulation. A production simulation of 5 ns was run for the whole system after 1000 ps equilibration. The time step was 2 fs, with the LINCS algorithm (Hess et al., 1997) used to constrain bond lengths, and trajectory data were collected every 50 steps (0.1 ps). A constant pressure of 1 bar independently in all three directions was used, with a coupling constant of t p ¼1.0 ps. This allows the bilayer/ protein area to adjust to its optimum value for the force field employed. Water, lipid, and protein were coupled separately to a temperature bath at 300 K, using a coupling constant t T ¼ 0.1 ps. Particle-mesh Ewald method (Darden et al., 1993; Essmann et al., 1995) was used to calculate the long-range electrostatic interactions. Cutoff used for longer-range interactions was 0.9 nm for both the van der Waals interactions and the electrostatic interactions.
After the molecular dynamics simulation, energy minimization was again performed on the complexes to obtain the final binding complex structures. The details of the interaction of the scorpion toxins and the Kv1.3 potassium channel were analyzed using the LIGPLOT program (Wallace et al., 1995) .
All calculations were carried out on a 64-CPU Silicon Graphics (Mountainview, CA) Origin3800 server and an O2 workstation.
RESULTS AND DISCUSSION
Electrostatic potentials
The appearances of the electrostatic potentials on the surface of the Kv1.3 channel protein and the scorpion toxins generated by GRASP (Nicholls et al., 1991) are given in Fig. 3 . The potential maps were calculated with a simplified Poisson-Boltzmann solver, as implemented and parameterized in Amber (Pearlman et al., 1995) . As expected, the mouth of the Kv1.3 channel, which is located outside of the cell membrane, bears a large negative electrostatic potential that is centrosymmetric around the central axis of the Kv1.3 channel. The surfaces of the toxins, on the contrary, have large positive electrostatic potentials mainly formed by the side chains of positively charged residues such as arginine and lysine. This suggests that the toxins may associate with the entryway of the Kv1.3 channel using their positive patches. This conclusion was validated by the optimized toxin-channel complexes (see discussion below). The resultant dipole moment of Kv1.3 is oriented along the symmetry axis from the outer side to the inner side of the membrane. It primarily determines the orientations for the scorpion toxins binding to the channel. The formal charge on the Kv1.3 potassium channel is ÿ12 e, and the formal charges on the toxins are 5 e, 6 e, 4 e, 6 e, 8 e, and 8 e for Simulating Toxin-KAgTX2, ChTX, KTX, MgTX, NTX, and Pi2, respectively. All the six toxins have one or two acidic residues in the region or near the region of the a-helix, and at least four basic residues in the three-stranded b-sheet, thus forming a dipole moment approximately in the direction from the a-helix region to the b-sheet region (Fig. 3) . The orientation of the toxin is such that the side chain of a positively charged residue in a toxin probably protrudes into the Kv1.3 pore, interacting electrostatically with acidic residues (e.g., Asp-402) in the ion selective filter. Both the electrostatic potentials and dipoles show that the charge anisotropy is the driving force of the association of toxins to the Kv1.3 channel from the viewpoint of Coulombic interactions.
BD-docked toxin-channel complexes
In the current BD simulation protocols, the proteins were treated as rigid bodies for simplicity, so the flexibility of the proteins was not considered. To overcome this shortcoming, we considered all of the available NMR conformations of the six scorpion toxins in solution when performing the BD simulations. For the Kv1.3 channel, because it is embedded in the membrane of the cell, it should not be substantially flexible (see the MD results below). In our previous BD studies (Cui et al., 2001 Fu et al., 2002) , the simulations were run at an evaluated temperature, 500 K, to save simulation time. Higher temperature causes larger stochastic force and hence faster movement (longer distance) of the proteins per step, and may cause incomplete sampling of the association trajectory (docking conformational space). Thus, the current BD simulations were run at 300 K, to ensure that the docking procedure was able to explore extensively over all orientations of the toxin bound to the extracellular surface of the channel. Though computational cost was about 10 times longer than before, more encounter complexes were formed along with the BD trajectory. A typical BD trajectory lasted from 800 to 2000 ns, and the longest trajectory lasted .5000 ns.
The center of mass of the scorpion toxins and the position of the oxygen atom of a water molecule in the selection filter of the x-ray crystal structure of KcsA were chosen to monitor the association during the BD simulations. To avoid unfavorable complexes formed between two protein partners, the separation criterion defining an encounter complex was set to 30 Å . The distribution of the docked solutions of the two binding proteins is highly dependent on the distance criterion. The larger the distance used, the broader the distribution is. We used a large distance criterion to obtain more information about possible docking orientations from the BD simulations. This distance of 30 Å is large enough to get the most significant complexes from the simulations, as will be shown later.
To obtain favorable toxin-Kv1.3 channel complexes, we performed a detailed triplet contact analysis for each structure of the scorpion toxins interacting with the Kv1.3 channel. The most favorable triplet contacts in all complexes, satisfying the criterion of association (the distance between the two proteins is less than 30 Å ), were obtained. We then analyzed the favorable triplet pairs between the scorpion toxins and the Kv1.3 channel using a new triplet contact distance, 5.5 Å . Among all the NMR conformations for each toxin, the top two structures that docked most favorably with the Kv1.3 channel, i.e., favorable clusters with lowest average electrostatic interaction energies and highest occurrence of the successfully docked complexes, were selected for further analyses. The closest triplet contacts for the top two structures of each scorpion toxin are listed in Table 1 , indicating that the 7th and 13th NMR structures of AgTX2, the 1st and 6th structures of ChTX, the 4th and 11th structures of KTX, the 5th and 12th structures of MgTX, the 20th and 23rd structures of NTX, and the 3rd and 12th structures of Pi2 docked most favorably to the Kv1.3 channel.
Complexes between a scorpion toxin structure and the Kv1.3 channel in which a set of selected monitor atoms in both proteins are all within 30 Å were identified as favorable complexes. Clusters of similarly docked complexes between the toxin structures and the Kv1.3 channel were identified. The highest populated clusters are the most favorably docked complexes as listed in Table 1 . The distributions of the distances between the scorpion toxins and the Kv1.3 channel, i.e., the population of clusters, are shown in Fig.  4 , indicating that the largest distributions are the ones in which the proteins are at the distances between 19 Å and 22 Å . This finding supports the selected interaction criterion for the formation of encounter complexes between the scorpion toxins and the potassium channel.
Using BD simulations followed by a modified triplet contact analysis, we identified the favorable complexes formed between the scorpion toxins and the Kv1.3 channel. The BD trajectories of the most favorably docked structures of the scorpion toxins gave .3000 candidate complexes in 10,000 BD trajectories. The distribution of the centers of mass of AgTX2 around the Kv1.3 channel is presented in Fig. 5 as an example, which shows that AgTX2 is located at the extracellular entryway of the Kv1.3 channel. Also, the residues of toxins occurring most frequently in the triplet contacts of the favorable complexes formed between the scorpion toxins and the Kv1.3 channel in the 10,000 BD trajectories are listed in Table 2 . From Tables 1 and 2 it can be noticed that Lys-27 (or Lys-28), Arg-24 (or Arg-25) in the six toxins, and Asp-402, His-404, Asp-386, and Asp-376 in each subunit of the Kv1.3 potassium channel are the key residues for the toxin-channel triplet contacts. This is in agreement with the electrostatic potential calculations. In all of the resultant candidate complexes of AgTX2 and Kv1.3, the side chain of Lys-27 in AgTX2 is located in the pore near the outer binding site, demonstrating that such configurations were sterically possible. Nonetheless, the orientation of the toxin is widely distributed around the pore axis with a slightly 
28 256 E elec , average electrostatic interaction energy between the two proteins (kcal/mol); F, occurrence of successfully docked complexes out of 10,000 attempts.
Simulating Toxin-Khigher occurrence observed for the complexes in which Arg-24 of the toxin was near Asp-402 from one of the four channel subunits. Configuration with lowest binding energies was selected from the BD trajectories to be the final docked toxin-channel complex. If configurations had the same lowest binding energy, the one with minimum triplet contact distances was selected to be the final docked complex.
Electrostatic interaction energies
The electrostatic interaction energies between the scorpion toxins and Kv1.3 channel were calculated using the following process. The charges of the toxins were assigned onto the electrostatic potential grids of the Kv1.3 channel, and then the electrostatic interaction energies were calculated by summing all the above assigned charges of the toxins times the corresponding electrostatic potential values at the grids of the Kv1.3 channel. The calculation results are listed in . The electrostatic interaction energies between the scorpion toxins and Kv1.3 channel correlate well with the -logK d , R 2 ¼ 0.603 (see Fig. 6 ). This indicates that the Lys-27 Lys-32 Lys-34 Arg-31 Lys-19 Lys-18 Lys-11 FIGURE 4 Distribution of distances between the two monitors for all complexes of the most favorably docked structures of the scorpion toxins associating with the Kv1.3 channel. The monitor distances ,30 Å were recorded.
FIGURE 3 Electrostatic potential contour maps for the Kv1.3 channel and the six scorpion toxins at an ionic strength of 0.1 M. The red contours represent isopotential surfaces where charge 1 e possesses electrostatic potential energy equal to ÿ2.5 kT; the blue isopotential surfaces are for energy 12.5 kT. Arrows indicate the directions of the dipoles in the proteins. The picture was generated with the program GRASP (Nicholls et al., 1991) .
Biophysical Journal 86(6) 3542-3555 electrostatic interaction is a dominant component for toxinchannel binding specificity. Moreover, the simulation result demonstrates that the electrostatic interaction energies combining with the distribution frequencies from BD simulations might be used as criteria in ranking the binding configuration of a scorpion toxin to the Kv1.3 channel.
Flexibilities of Kv1.3 channel and scorpion toxins
To measure the flexibilities of the Kv1.3 channel and the scorpion toxins in the binding, conventional MD simulations were performed for the Kv1.3 channel and its complexes with toxins in a solvated lipid bilayer mimicking the plasma membrane environment. As will be discussed below, the six toxins are highly homologous in sequence (Fig. 7 a) , and the high-resolution NMR structures (Blanc et al., 1997 (Blanc et al., , 1998 Fajloun et al., 2000; Harvey et al., 1995; Krezel et al., 1995; Romi et al., 1993) demonstrated that their 3D structures share the same overall conformation and adopt a similar folding pattern (Fig. 7 b) . Therefore, we just took AgTX2 as an example to address the flexibility of the toxins in binding to the Kv1.3 channel.
In general, for the Kv1.3 alone, the root mean-square deviations (RMSDs) of the channel backbone atoms relative to the starting structure (3D model of the Kv1.3 constructed by homology modeling) in the 5-ns MD trajectory fluctuate from 0.029 to 0.032 nm (Fig. 8 a) . This indicates that the structure of the Kv1.3 channel is not so flexible embedded in the lipid bilayer on a nanosecond timescale, and it is reasonable that the flexibility of the Kv1.3 channel was not considered in the BD simulations. The RMSDs of the scorpion toxins fluctuate between 0.035 and 0.045 nm (Fig.  8 a) , indicating that the structures of the scorpion toxins are more flexible than that of the Kv1.3 channel. Therefore, the conformational changes of the toxins were considered in the BD simulations.
The MD simulation on the AgTX2-Kv1.3 complex addressed the most flexible residues in the two-protein binding. The atomic RMS fluctuation (RMSF) of AgTX2 indicated that the fluctuation scales of most of the atoms of the toxin are small, ranging from 0.02 to 0.06 nm; however, the RMSFs of positively charged residues, Lys-16, Lys-19, Arg-24, Lys-27, Arg-31, and Lys-38, involved in the toxinKv1.3 binding are relatively large (Fig. 8 b) . For the Kv1.3 channel, the RMSFs of most atoms are less than 0.04 nm ( Fig. 8 c) ; the RMSFs of the residues playing an important role in the toxin binding, such as Gly-380, Asp-386, Tyr-400, Asp-402, and His-404, are only ;0.02 nm, and the residues of the Kv1.3 channel with large RMSFs, such as Tyr-370, Thr-394, Lys-411, and residues at the ends, are not Simulating Toxin-Kinvolved in the toxin-channel binding. This demonstrates again that the flexibilities of the toxins should be considered in the toxin-channel binding simulations, whereas the flexibility of the Kv1.3 channel plays a less important role for the toxin recognition.
Contacts between the toxins and the channel
During the MD simulations, the hydrogen bonds between these pairs kept on breaking and forming, and the average number of hydrogen bonds formed between the toxin and the channel is ;2-3 (data not shown), which implies triplet contact analysis is quite necessary and sufficient when determining the toxin-channel complexes in BD simulation. The most frequently formed hydrogen bonds between the potassium channel and the toxins were listed in Table 3 .
After MD simulations, we performed an energy minimization for each toxin-channel complex to achieve an energy tolerance of 0.05 kcal/(mol 3 Å ) using the adopted-basis Newton-Raphson algorithm and the CHARMm22 forcefield as implemented in the Quanta program (1998 Release; Molecular Simulations). Taking AgTX2 as an example, the optimized structure of the complex is shown in Fig. 9 . Structurally, the toxins use their b-sheet to associate with the outer pore of the Kv1.3 channel. The optimized structures of the complexes have favorable electrostatic interactions between the two proteins. For example, the flat b-sheet face of AgTX2 has a patch containing five positively charged residues, which covers ;200 Å 2 of the AgTX2 surface; there are twelve negatively charged residues at the outer pore area of the Kv1.3 channel, i.e., Asp-386(A-D), and , interacting favorably with the positive patch through hydrogen bonding and electrostatic interactions. Numerous Kv1.3 residues are involved in hydrophobic contacts with the flat b-sheet face of the toxins, including as shown in Table 4 and Fig. 9 .
The high-resolution NMR structures of these toxins (Blanc et al., 1997 (Blanc et al., , 1998 Fajloun et al., 2000; Harvey et al., 1995; Krezel et al., 1995; Romi et al., 1993) have demonstrated that they share the same overall conformation and adopt a similar folding pattern ( Fig. 7 b) ; the RMSD of the structural superposition between two toxins ranges from 0.51 to 1.45 Å . The global structures of the toxins consist of a three-stranded antiparallel b-sheet and an a-helix, which are stabilized by three disulfide bonds. Although the 3D folding of the six toxins is similar, it is important to note that their specificity and affinities depend on the residues situated at their external surface and especially the surface contact with the channel protein. Small changes, either in the Kv1.3 channel or in the toxins, could drastically change their binding affinities. For example, site-specific mutants (P10S, S14W, A25R, A25Delta) of NTX inhibited Kv1.3 channel with K d values of 30, 0.6, 112, and 166 nM, respectively (Mullmann et al., 2001) , and mutants (H404A, H404Y, D402N, and Y400V) of Kv1.3 (Aiyar et al., 1996) resulted in KTX inhibiting the channel with K d values of 0.72, 0.03, 0.38, and 2.5 nM, respectively. In contrast, these same NTX mutants had no effect on maxi-K channel activity with estimated K d values exceeding 1 mM.
The principal toxin-Kv1.3 channel interactions derived from the refined structures were analyzed using the LIGPLOT program (Wallace et al., 1995) . The hydrogen bonds and the hydrophobic contacts present in the refined complexes are listed in Tables 3 and 4 , respectively. The refined 3D models clearly indicate the important residue pairs for the binding, which cover most of the key residues that were experimentally verified as important for scorpion toxin-potassium channel binding (Aiyar et al., 1996; DeCoursey et al., 1984; Freudenthaler et al., 2002; Harvey et al., 1995; Hopkins, 1998; Miller 1995; Naranjo and Miller, 1996) . For example, the conserved toxin residue ) protrudes into the pore, interacting with residues Tyr-400, Asp-402, or His-404 in the signature sequence GYGD of the potassium channel via hydrogen bonding and electrostatic and hydrophobic interactions. These interaction features are in agreement with the mutation experiments. Mutations of Arg-24-Ala, Lys-27-Met, and Asn-30-Ala decreased the binding of AgTX2 to the Shaker channel by 128.8-, 685.7-, and 696.1-fold, respectively (Gross and MacKinnon, 1996) . Replacement of Asp-402 in Kv1.3 resulted in nonfunctional channels; residue replacements of Lys-27 (or Lys-28) in the toxins, or Tyr-400 or His-404 in the channel, decreased the binding affinities by 520-to 11,000-fold (Aiyar et al., 1996) . Other residues involved in the interaction contacts listed in Tables  3 and 4 can also be used to explain the mutagenesis results. Residues Asp-386 and Gly-380 in Kv1.3, Arg-24 or Arg-25 (Asn-25 in Pi2), and Asn-30 or Asn-31 in the scorpion toxins also play important roles in the recognition of the potassium channel and the scorpion toxins. These are in accordance with the mutagenesis experiments of both potassium channel and scorpion toxins (Ellis et al., 2001; Fernandez et al., 1994; Goldstein et al., 1994; MacKinnon et al., 1988; Miller, 1995; Park and Miller, 1992; Peter et al., 2001; Thompson and Begenisich, 2000) . The consistency between the 3D models and the mutation experiments demonstrates that the refined 3D models of toxin-Kv1.3 channel complexes are reliable.
CONCLUSIONS
The purpose of this study was to determine the binding structures of the scorpion toxins in complex with the pore of the Kv1.3 potassium channel. Based on the homology model of the Kv1.3 potassium channel, we have investigated the recognition between six scorpion toxins and the potassium channel by an approach combining the Brownian dynamics simulation, molecular dynamics simulation, and molecular mechanics (MM) refinement. Reasonable 3D models of the toxin-channel complexes have been obtained that can explain available mutagenesis results of toxin-channel binding. The docking process overcame some of the disadvantages of conventional BD, i.e., that it cannot easily consider the conformational flexibility of the associating proteins. We noticed that the conformation of a toxin indeed affected the simulation results. BD simulations predict that all the six scorpion toxins in this study use their b-sheets to associate with the extracellular entryway of the Kv1.3 channel, which is in line with the primary clues from the electrostatic interaction calculations and mutagenesis results. BD triplet analysis and MD/MM results show that residues Lys-27 or Lys-28, residues Arg-24 or Arg-25, and Asn-30 or Asn-31 in the separate six toxins, and residues Tyr-400, Asp-402, His-404, Asp-386 and Gly-380 in each subunit of the Kv1.3 potassium channel, are the key residues for the toxinchannel recognitions. Additionally, the electrostatic interaction energies between the toxins and Kv1.3 channel correlate well with the binding affinities (-logK d s), R 2 ¼ 0.603, suggesting that the electrostatic interaction is a dominant component for toxin-channel binding specificity. Moreover, the simulation result demonstrates that the electrostatic FIGURE 7 (a) Sequence alignments of the six scorpion toxins generated by CLUSTAL W (Thompson et al., 1994) . In the sequences, an asterisk indicates an identical or conserved residue, a colon indicates a conserved substitution, and a dot indicates a semiconserved substitution. (b) Structure alignment of the six scorpion toxins with some of the AgTX2 residues shown.
Simulating Toxin-Kinteraction energies combined with the distribution frequencies from BD simulations might be used as criteria in ranking the binding configuration of a scorpion toxin to the Kv1.3 channel.
The present study illustrates the power of combination use of homology modeling, BD simulation, and MD/MM simulation methods for the structural characterization of macromolecular complexes. This strategy may be helpful when a high-resolution structure of a complex cannot be obtained by NMR or x-ray crystallography experiments even though the structures of the constituents are known. The consistency between the results of the BD/MD simulations and the experimental data indicated that our 3D model structures of the toxin-channel complex are reasonable and can be used in guiding the design of future biological studies, such as the rational design of the blocking agents of Kv1.3 channel and mutagenesis in both toxins and Kv1.3 channel. 
